ABSTRACT
INTRODUCTION

40
Sewer biofilms comprise complex multi-species microflora with a typical thickness of 41 only about one millimeter (1). According to the electron donors and electron acceptors 42 present in the wastewater, different carbon transformation processes can occur in close 43 proximity in the sewer biofilms. Domestic wastewater normally contains a significant 44 concentration of sulfate (ca. 100-1000 μM) but negligible nitrite and nitrate (2, 3). 45
Therefore, under anaerobic conditions (normally occurs in pressure sewers fully filled 46 with wastewater), sulfate reduction carried out by the sulfate-reducing bacteria (SRB) 47 could be an important terminal electron accepting process in the sewer biofilms. The 48 sulfate reduction activity in anaerobic sewers is important as the production of sulfide 49 produced can be transferred to the gas phase of partially-filled gravity sewers and cause 50 on November 12, 2017 by guest http://aem.asm.org/ Downloaded from 3 extensive corrosion of concrete sewer pipes (4, 5). Also, the emission of sulfide from 51 sewers can cause odor problems to the surrounding area and pose health risks to sewer 52 workers (6, 7). Apart from sulfate reduction, methanogenesis by the respiration of 53 methanogenic archaea (MA) could also be a key terminal process in anaerobic sewer 54 biofilms (8, 9). Guisasola and colleagues found that methanogenesis accounted for more 55 than 70% of the chemical oxygen demand (COD) loss in laboratory anaerobic sewer 56 biofilm reactors (9). A recent report suggests that methane emissions from sewers 57 contribute significantly to the total greenhouse gas footprint of wastewater systems (10). 58
Under anaerobic conditions, both sulfate reduction and methanogenesis can 59 potentially occur in the same system while competing for the same electron donors, 60 primarily hydrogen and acetate. In the presence of adequate sulfate concentrations, SRB 61 will typically outcompete MA due to kinetic and thermodynamic advantages (11) (12) (13) . 62
However, the coexistence of SRB and MA has been observed in anaerobic sewer 63 biofilms in the presence of sulfate. Guisasola et al. (9) hypothesized the coexistence of 64 SRB and MA in sewer biofilms was due to the penetration limitation of sulfate into the 65 biofilms, resulting in a stratified biofilm structure, with SRB being predominant in the 66 outer zone, nearer to the wastewater, while MA inhabit the inner zone, nearer the sewer 67 pipe. However, to date this hypothesis has not been verified. A few studies have 68 investigated the veritical distribution of SRB in oxic-anoxic sewer biofilms (biofilms 69 attached on gravity sewer pipe with the presence of oxygen or nitrate in wastewater), but 70 studies on the SRB distribution in the anerobic sewer bioflims is scarce (14). In addition, 71 the distubtion of MA in sewer biofilms and their interaction with SRB have not been 72 explored yet. Similarly, the phylogenitic diversity of SRB and MA in the anaerobic 73 sewer biofilms is rarelly reported. These fundamental information could provide a better 74 understanding of the sulfate reduction and methanogenesis processes in sewer systems, successively from the surface to the bottom of the biofilm. These samples were used to 207 determine the relative abundance of SRB and MA at eight different depths within the 208 biofilm. The cryosectioned samples were placed on Poly-L-Lysine coated microscope 209 slides (Polysciences Asia Pacific, Inc.) and air dried for 6 -10 h. The slides were then 210 dehydrated for 3 min each in a 50%, 80% and 98% aqueous ethanol solution. 211
All in situ hybridizations were performed according to the protocol (25) in 212 hybridization buffer at 46°C for 2-3 h. The buffer contained 0.9 M NaCl, 20 mM Tris 213 hydrochloride (pH 7.2), 0.01% sodium dodecyl sulfate and formamide concentrations as 214 previously mentioned. Subsequently, a stringent washing step was performed at 48°C 215 for 15 min in 50 ml of washing solution comprising NaCl at a concentration dependent 216 on the formamide concentration, and 20 mM Tris hydrochloride at pH 7.2. The slides 217 were examined and recorded using a Zeiss LSM 510 confocal laser scanning microscope 218 (CLSM) (Carl Zeiss, Jena, Germany) using three excitation channels (488 nm, green 219 emission; 545 nm, red emission; and 633 nm, blue emission). The biofilm thickness was 220 estimated by measuring the width of the biofilm sections cut perpendicular to the 221 substratum. FISH images at eight different depth of the biofilm (0-10μm, 100-110μm , 222
on November 12, 2017 by guest http://aem.asm.org/ Downloaded from 200-210μm, 300-310μm, 400-410μm, 500-510μm, 600-610μm and 700-710μm) were 223 analysed using DAIME version 1.3 (26) to determine the biovolume fractions of SRB 224 and MA. About 20 confocal images of the biofilm sections were analyzed for each 225 sample. The quantification results were calculated based on the average of two 226 separately analyzed samples. 227 16S rRNA gene amplicon pyrosequencing. 16S rRNA gene amplicon 228 pyrosequencing was conducted to investigate the phylogenetic diversity of SRB and MA 229 at different layers in the biofilm. Biofilms on a 10 mm × 5mm piece of slide were 230 quickly removed from the reactor and embedded in OCT compound and then frozen at -231
20
o C in a OCT mould. The frozen samples were then cryosectioned successively from 232 the surface to the bottom of the biofilm with a section size of 150 μm, using the cryostat 233 as described above. The sectioned biofilm samples were then placed separately in 1ml 234 eppendorf tubes containing 0.5ml of phosphate buffered saline (PBS, containing 137 235 mM NaCl, 2.7 mM KCl, 10 mM Na 2 HPO 4 and 2 mM KH 2 PO 4 ) for DNA extraction. 236
Genomic DNA was extracted using the FastDNA SPIN Kit for soil according to the 237 manufacturer's instructions (Q-Bio gene, Australia). The quantity and quality of the 238 extracted DNA was measured using a NanoDrop ND-1000 spectrophotometer (Nano- Firstly, the sequencing reads were split according to the barcode in QIIME v1.8.0 (28). with the three electron donors, i.e. hydrogen, acetate and propionate. Given the fact that 278 SRB tend to outcompete acetogenic bacteria for propionate utilisation and that 279
propionate concentrations in real sewage were always lower than 10 mgCOD/L, 280
propionate was considered as an electron donor only for sulfate reduction (34). While 281 sulfate reduction using fermentable substrates (e.g. sugars or other carbohydrates) is also 282 possible, it was not considered in the model (34). The use of these substrates by SRB 283 would otherwise be accounted for by the use of the fermentation products from these 284
substrates. Both hydrogenotrophic and acetoclasic pathways for methanogenesis were 285 included in the model. The stoichiometric matrix for microbial processes and the kinetic 286 expressions of processes were shown in Table S3 (SI) and Table S4 (SI), respectively. 287
All model parameters were obtained from the literature and are presented in Table S5 288
(SI). 289
Nucleotide sequence accession number. The 16S rRNA gene sequence data were 290 deposited into NCBI Short Read Archive (SRA) under accession numbers SRR1560806, 291 SRR1560807, SRR1560808, SRR1560809, SRR1560810. 292
293
RESULTS
294
Performance of the anaerobic sewer reactor. The typical sulfide and methane profiles 295 in the sewer biofilm reactor during an 8-hour operation cycle is shown in Fig. 2A and B. and nearly 86% of the sulfate was reduced. Table 1 shows the average daily 300 transformation of COD, VFAs, sulfur species and methane at pseudo steady state, 301 calculated based on the concentration differences at the beginning and end of each 302 pumping cycle. The tCOD was consumed by 688.2 ± 29.2 mg/day, with productions of 303 sulfide and methane at 123.9 ± 11.1 mgS/day and 103.4 ± 3.2 mg/day, respectively. 304
Similar daily sulfate consumption and sulfide production indicated that sulfide was the 305 major product of sulfate reduction. The sCOD and propionate were also consumed in the 306 reactor while acetate accumulated. The COD balance was calculated assuming that all 307 hydrogen produced due to fermentation was consumed during the experiment. The COD 308 utilization per gram of sulfide and methane formed is assumed to be 2 gCOD/gH 2 S-S 309 and 4 gCOD/gCH 4 , respectively (9). Therefore, sulfidogenesis accounted for 36.0 ± 2.4 % 310 of the tCOD loss in the wastewater while methanogensis accounted for 60.0 ± 4.3 % 311 (Table 1) . 312
Distribution of sulfide production within the biofilm. The micro-scale sulfide, pH 313 and oxygen levels were measured throughout the depth of the biofilm (Fig. 3) . A 314 significant increase of sulfide concentration is seen from the biofilm surface to ca. 250 315 μm into the biofilm. The pH remained constant throughout the depth of the biofilm, due 316 to the buffering capacity of the system. Negligible levels of oxygen were detected within 317 the biofilm. The in situ sulfide production rates were calculated based on the sulfide 318 profiles according to Fick's law of diffusion (Fig. 3) , which indicated that sulfide was 319 mainly produced in the region that extended from the biofilm surface to a depth of about 320 300 μm into the biofilm. Though sulfide concentration was the highest below the depth 321 on November 12, 2017 by guest http://aem.asm.org/ Downloaded from of 300 μm, the calculated sulfide production under that depth only accounted for less 322 than 10% of the total production. 323
Spatial distributions of SRB and MA populations as determined by FISH. FISH 324 of the biofilm sections cut perpendicular to the substratum show the localization of SRB 325 and MA (Fig. 4A and B) . SRB (white in Fig. 4A) were mainly situated at the outer layer 326 (0-300 μm) of the biofilm while MA (purple in Fig. 4B ) were mainly located in the inner 327 layer (below 250 μm). Fig. 4 C-F shows typical FISH images of the biofilm sections cut 328 parallel to the substratum at depths of 100 μm and 700 μm. Accordingly, SRB were 329 detected in much higher abundance in the biofilm section at the depth of 100 μm in 330 comparison to the 700 μm deep section (Fig. 4C vs. Fig. 4D ). In contrast, there was 331 hardly any MA at the depth of 100 μm whereas MA were dominant at the depth of 700 332 μm (Fig. 4E vs. Fig. 4F ). The relative abundances of SRB and MA at different depths 333
show that SRB accounted for about 20% of the total population at the surface and at 334 100-μm into the biofilm and the percentage decreased continuously to lower than 3% at 335 the depth of 400 μm (Fig. 5 ). This distribution of SRB is consistent with the profile of 336 the in situ sulfide production rate (Fig. 3) . In contrast to the SRB distribution, the MA 337 were detected at below 3% abundance at the surface and at the depth of 100 μm, and 338 increased to 10% at 200 μm, 60% at 500 μm and then 75% at the depth of 700 μm (Fig.  339   5) . results as determined by FISH (Fig. 7A and B) . The SRB abundance was 19% at the 365 surface and decreased gradually to below 5% at the depth of 400 μm. The abundance of 366 MA was lower than 5% at the surface and at 100 μm, increased to 65% at the depth of 367 500 μm and then gradually rose up to 80% at 700 μm. 
DISCUSSION
375
The distribution of SRB and MA in anaerobic sewer biofilms. This study 376 investigated the distribution of SRB and MA in the sewer biofilms through both 377 experimental and simulation analysis. The stratified distribution of SRB and MA in the 378 biofilm was confirmed and verified using two independent molecular techniques, i.e. 379 FISH and pyrosequencing, as well as microelectrode measurements and mathematical 380 modelling. All the results are highly consistent. The results show that SRB were mainly 381 located in the outer layer of the biofilm while MA was mainly situated in the inner layer. 382
The distribution of in situ sulfide production activity was consistent with the distribution 383 of the SRB population. The high sulfide concentration in the inner layer of the biofilm is 384 mainly due to the diffusion transport mechanism. While the sulfide production activity 385 in the inner layer of the biofilm is much lower than that in the outer layer, in the absence 386 of a sulfide sink in this layer, any sulfide produced will accumulate to a level higher than 387 that in the outer layer, providing a concentration gradient for the sulfide produced to be 388 transferred out of the biofilm. 389
Under anaerobic conditions, SRB and MA are known to compete for the same 390 substrates (primarily acetate and hydrogen) for metabolism. In sulfate-rich environments 391 SRB can normally out-compete MA and this is commonly attributed to the different 392 affinities for substrates of the two populations. The affinity constant for hydrogen of 393 SRB is considered to be around five times lower than that of MA (35, 36). The 394 difference is even stronger in the case of acetate (12, 37). However, the coexistence of 395 In anaerobic sewers, sulfate is normally not depleted, particularly in networks with 400 relatively short HRT. The stratified distribution of SRB and MA suggests that mass 401 transfer limitation plays an important role for the coexistence of SRB and MA in sewer 402
biofilms. We used model simulation to determine the average concentrations of sulfate 403 and soluble biodegradable COD in the sewer biofilm (Fig. 8) . Sulfate could penetrate 404 into the outer layer of the biofilm. In these conditions SRB outcompeted MA due to their 405 higher affinity to acetate and hydrogen, resulting in a relatively higher abundance of 406 SRB in the outer layer. However, the modelling result showed that sulfate was almost 407 consumed in the outer layer due to the high sulfate reduction activity, and thus could not 408 reach the inner layer (Fig. 8) . As a result, SRB activity and growth was limited in the 409 deeper layers of the biofilm. On the other hand, soluble biodegradable COD (including 410 propionate, acetate or hydrogen and soluble COD which could be fermented to these 411 products) was not totally consumed by SRB in the outer layer of the biofilm and it was 412 able to penetrate into the inner layers, providing substrate for methanogenesis. 413
Consequently, the co-existence and stratification of these populations is largely a result 414 of the mass transfer of substrates into the biofilm. 415
The domination of MA in cores of anaerobic granules or at the inner layers of 416 anaerobic biofilms has previously been attributed in some studies to better attachment 417 characteristics of MA (40, 43). However, this cannot be a main reason in the case of 418 anaerobic sewer biofilms. During the startup of the sewer reactor, the sulfate reducing 419 activity increased much faster than the methanogenic activity in the first several weeks 420 (data not shown), indicating that at the beginning, more SRB were attached on the 421 on November 12, 2017 by guest http://aem.asm.org/ Downloaded from substratum than MA, and that these were the pioneering colonizers of the biofilm. 422
Variations of sulfide toxicities to SRB and MA are also considered as a reason for the 423 coexistence of SRB and MA in some studies (41, 42). However, in our system, the 424 sulfide concentration is far below toxic threshold levels to either group of 425 microorganisms. It has been reported that sulfide concentrations of above 300 ppm are 426 required to induce 50% inhibition of the growth of most SRB and MA (44). 427
The spatial arrangement of SRB and MA in sewer biofilms revealed in this study is of 428 practical importance. Chemicals such as nitrate, oxygen, magnesium hydroxide and 429 sodium hydroxide are often added to sewers to control the emission of hydrogen sulfide 430 in sewers (6). As MA mainly inhabit in the inner layer of the biofilms, they are likely to 431 be protected from being exposed to chemicals added for in-sewer sulfide and methane 432 mitigation. Jiang et al. (45) found that sewer biofilms were capable of methanogenesis 433 after nitrate dosing for four weeks. To explain this they suggested that nitrate was not 434 able to fully penetrate into the biofilm and it failed to reach the MA in the deeper layer. 435 This is supported by a complete suppression of methane production after they increased 436 the nitrate-dosing rate. Similar results were also observed by Ganigué et al.(46) , where 437 they found methane was produced by the sewer biofilms after oxygen treatment and 438 attributed it to the partial penetration of oxygen. Consequently, given the spatial 439 distribution of MA in sewer biofilms, full penetration of chemicals into biofilms is 440 required to completely control methane production. This should be an important 441 consideration for methane abatement strategies in sewers. Due to the difficulty in 442 obtaining intact biofilm from real sewers, it remains to be the verified if the biofilm 443 developed in our laboratory reactor fully represents that in real sewers, despite of the use 444 of realistic wastewater and shear conditions. Therefore, the implications discussed above 445 need to be verified in real sewer systems. cryosectioning, the phylogenetic information at different depths in the biofilms was 451 investigated. However, it is worthwhile to note, due to a significant quantity of biomass 452 required for pyrosequencing analysis, the biofilm sections needed for this purpose was 453 much thicker than those for FISH (150 μm vs. 10 μm in this study). Consequently, the 454 spatial resolution of the method was limited to layers of this size. However, this 455 approach was successful and revealed the microbial diversity of both SRB and MA at 456 However, since fermentable COD or sCOD is abundant in sewer systems and they 486
would not be totally used by fermentative bacteria (Fig. 7) , the coexistence of SRB using 487 large molecular organic substrates with fast growing fermentative bacteria is possible. 488
From an ecological viewpoint, it is interesting to understand how different SRB, which 489 use different electron donors, compete for sulfate when it is limiting. However, to date, 490 only a few studies have addressed this competition for sulfate (51). The coexistence of 491 different SRB in our biofilm seems to indicate that their affinities to sulfate are similar. 492
Though SRB mainly inhabited the outer layer of the sewer biofilm, small amounts of 493 Desulfobulbus, Desulfomicrobium, Desulfovibrio were also observed in the inner layers 494 (Fig. 6) Desulforegula and Desulfatiferula were not detected in the inner layers, as these SRB 500 can hardly ferment organic matter (49, 57). 501
Of the MA, about 90% of the population was Methanosaeta, which is an obligate 502 acetoclastic methanogen. Therefore, acetate was likely the main substrate for 503 methanogenesis in anaerobic sewer systems. Since acetate could be simultaneously 504 produced and consumed in the sewer system, the accumulation of acetate is probably 505 due to the production rate of acetate being higher than its consumption rate under the 506 tested condition. Currently, the only genera known to use acetate for methanogenesis are 507
Methanosarcina and Methanosaeta. However, Methanosarcina failed to inhabit in the 508 anaerobic sewer biofilms, which is consistent with the finding that usually only one 509 system. This can be explained in that hydrogenotrophic MA was out-competed by the 524 hydrogen-utilizating SRB, which have higher affinity and lower threshold values for 525 hydrogen (35, 36). In addition, at 20 o C, homoacetogenesis might occur, which could 526 also outcompete methanogenesis for hydrogen (63). It is interesting to note that although 527 there were more SRB in the outer layer of the biofilm, the hydrogen-utilizing MA were 528 more abundant in the outer layer as opposed to the inner layers (Fig. 5) 
